A self-consistent model of a self-sustained discharge XeC1 laser (Ne/Xe/HCI mixture) with prepulse-mainpulse excitation and magnetic switching which leads to high efficiency operation is described. The validity of the model is confirmed by comparing the results of the calculations with the measured time dependences of discharge voltage, current and lasing pulse for different operation modes as well as by comparing the results with the dependences of the laser output energy and efficiency on the charging voltage and capacitance of the pulse forming network for two different laser heads. The numerical evaluation has shown that our developed laser system operates under optimum conditions. PACS: 42.55.Gp Potential applications of excimer lasers as sources of UV radiation in industries, especially in photochemistry and materials processing require very high average power lasers. Commercially available excimer lasers produce hundreds of watts of average power at an efficiency of up to 2.5% in some cases 3% (e.g., LPX240i or LAMBDA4000). A number of laboratories are working on the development of excimer lasers with 1 kW average power by means of a fast flowing gas circulation system. A breakthrough in this development was obtained by the introduction of the so-called prepulse-main-pulse technique in which the prepulse is used for the avalanche ionization process during the breakdown phase whereas the main pulse is applied under quasi-steady-state conditions [1] [2] [3] [4] . The introduction of passive magnetic switches for isolation of low-impedance sustainer and high-impedance spiker circuits instead of railgap switches enables long-life operation capability of the laser at high repetition rates [2] [3] [4] Computer modeling is a useful tool for investigating the physical processes occurring in the active media of excimer lasers and the influence of the large number of parameters that are involved. It supplements the experiments and will be used to optimize the development of various laser designs.
Potential applications of excimer lasers as sources of UV radiation in industries, especially in photochemistry and materials processing require very high average power lasers. Commercially available excimer lasers produce hundreds of watts of average power at an efficiency of up to 2.5% in some cases 3% (e.g., LPX240i or LAMBDA4000). A number of laboratories are working on the development of excimer lasers with 1 kW average power by means of a fast flowing gas circulation system. A breakthrough in this development was obtained by the introduction of the so-called prepulse-main-pulse technique in which the prepulse is used for the avalanche ionization process during the breakdown phase whereas the main pulse is applied under quasi-steady-state conditions [1] [2] [3] [4] . The introduction of passive magnetic switches for isolation of low-impedance sustainer and high-impedance spiker circuits instead of railgap switches enables long-life operation capability of the laser at high repetition rates [2] [3] [4] . With this new excitation technique efficiencies of 3-5% were achieved [1, [3] [4] [5] . Computer modeling is a useful tool for investigating the physical processes occurring in the active media of excimer lasers and the influence of the large number of parameters that are involved. It supplements the experiments and will be used to optimize the development of various laser designs.
In this paper we present a theoretical model of a high efficient discharge XeC1 laser with prepulse-main-pulse and the magnetic switching technique. The results of the computer simulations are compared with the experimental ones of the lasers developed at the Twente University of Technology [4] . The model is based on the standard excitation schemes of He [6] and Ne [7] based mixtures, which are in good agreement with the experimental data, including time dependences of the densities of discharge species. Although computer simulations were mentioned in [1, 3] and shortly described in [8] (not including the Boltzmann equation for the electron distribution), we shall describe the complete model of a discharge XeC1 laser with the advanced excitation circuit and improved kinetics. We shall discuss and compare the results of the simulations with the experiments for different modes of laser operation and for different laser heads.
Model Description
The model of a discharge XeC1 laser consists of the Boltzmann equation for the electron distribution function, a set of kinetic equations for the densities of the discharge plasma components and photons in the cavity and a set of equations describing the laser excitation circuit. Spatial uniformity of the active medium is assumed. This approach of a zero-dimensional modelling has shown to be reasonable in describing laser performance by comparing the zero-and one-dimensional calculations for He based mixtures with experiments [6, 9] .
The steady-state Boltzmann equation [10, 1 l] for the relaxed electron distribution function takes into account elastic, inelastic, superelastic, and electron-electron collisions cited in Table 1 . The algorithm for solving the Boltzmann equation [9] has been described in detail in [12] ; the method is similar to that described in [13] . The rate constants of 
Ion-ion recombination
Ne + + CI-~ NeCI* 3.2 x 10 .6 cm3/s (pressure dependent, p = 4bar) [33] Ne2 + + C1-~ NeCI* + Ne 2.4 x 10 -6 cm3/s (pressure dependent, p = 4bar) [33] Predissociation NeCI* ~ Ne+ C1 + + e 1 x 10 l°s -1 [34] Excimer formation T~ is the average electron energy over the distribution in K the elementary processes with the participation of electrons are found as the resultants of the cross sections of the corresponding processes with the electron distribution function and they are used for solving the set of kinetic equations. The specific energy depositions in the processes with participation of electrons were calculated with the help of the resultant solution.
The kinetic model of chemical reactions in the active medium of a discharge XeC1 laser with Ne buffer gas describes the time dependences of the densities of 22 plasma components -Xe, Xe*, Xe**, Xe +, Xe~, Xe +, Ne, Ne*, Ne +, Ne~', Ne +, HC1, HCI(v = 1), HCI(v = 2), CI-, e, XeCI*(B,v # 0; C), XeCI*(B, v = 0), XeCI(X), X%CI*, NeCI*, and photons (hu in Table 1 ) -by solving a set of 19 kinetic equations allowing for three conservation laws for charge and Ne and Xe nuclei. The integration of the set of kinetic equations is performed by using the subroutine DIFSUB using the method of Gear [14] . The reactions taken into account, their rate constants and references are cited in Table 1 . The excited states of the XeC1 molecule are divided into the lasing level XeCI*(B,v = 0) and the unrelaxed vibrational manifold XeCI*(B, v 7~ 0; C). The heteronuclear component NeXe + is omitted, as it was found to be very weakly bound [62, 63] and its presence has a small effect on the model predictions. The photon density is described assuming a homogeneous gain and absorption along the active medium length.
The objects of the investigation were two X-ray preionized discharge XeC1 lasers with prepulse-main-pulse and the measured B-H hysteresis curve. The equations for the magnetic switch inductance Lsi related to the B-H hysteresis loop and depending on the current flowing through Lsi were derived analogously to [65] but for a rectangular saturable inductor configuration. Two algorithms were used to solve the set of circuit equations. This was done because of the large value of the discharge gap resistance R d in the initial stages of the discharge and the possible instability caused by that fact. To avoid this instability the discharge current density i obtained by the product of the electron drift velocity Var and the electron density was used in the first algorithm. This algorithm was employed up to i = 50 A and after that the second algorithm was switched on to calculate the discharge resistance. The solution of the circuit equations gives the voltage across the discharge gap and the discharge current at time t. The electric field strength E(t) = U(t)/d is used as the entrance parameter in the Boltzmann equation.
Results and Discussion
The calculated and measured time dependences of the voltage across the discharge gap, discharge current, and lasing pulse for the discharge XeC1 laser with prepulse-main-pulse and magnetic switching, operating in the so-called magnetic switch mode [3] are shown in Fig. 2 . The laser electrode separation is 15 mm and 1600cm 3 of magnetic material is used in the form of rectangular ferrite blocks. The laser mixture is 4bar Ne, 15mbar Xe, and 1.5mbar HC1. The mainpulse forming network capacitor, CpFN = 440 nF, is pulse charged within a few microseconds (not shown in Fig. 2 ) up to 5.6 kV, after which the prepulse is fired just after the X-ray preionization pulse. The 5.6 kV of the pulse forming network capacitor is about equal to twice the steady-state voltage of the laser discharge. The charging voltage of the prepulse capacitor is 34.4 kV. The prepulse changes the polarity across the electrodes and charges the voltage of the peaking capacitor Cp to a negative value while initiating the electron avalanche. At the same time the saturable inductor Lsi is brought into saturation. After the breakdown the discharge current reverses its direction and the energy of the pulse-forming network is deposited into the discharge. Because the electron density of about 5 x 1014 cm -3 is already produced by the prepulse there will be impedance matching between the PFN and the discharge. The PFN energy is then deposited into the discharge under quasisteady-state conditions, which has a favourable effect on the efficiency of the laser. The peaks on the main current pulse are caused by oscillations in the peaking capacitor loop. The calculated laser output energy of 342 mJ is in good agreement with the measured value of 350 mJ.
The calculated and measured time dependences of the voltage on the discharge gap, the discharge current and the lasing pulse for the same XeC1 laser operating in the socalled overshoot mode [4] are shown in Fig. 3 . The prepulse capacitor is now charged to 14 kV, the laser mixture is 4 bar Ne, 14.5 mbar Xe, and 1.3 m bar HC1. Again the prepulse voltage is applied directly after the X-ray preionization of the active volume. After the thyratron switching the peaking capacitor Cp is charged. The voltage across the discharg~ gap is now also changing its polarity, but the negative prepulse is not high enough to cause the breakdown of the laser. When the peaking capacitor is charged negatively the magnetic switch is saturated and the peaking capacitor can be recharged in the positive direction. This causes a voltage overshoot and consequently a high-voltage positive prepulse is applied. Breakdown of the electrode gap is achieved and the energy from the peaking capacitor is deposited into the discharge, a positive prepulse current is flowing and the discharge voltage drops. The subsequent small negative current and the oscillating structure on the main current pulse are caused by the oscillations in the peaking capacitor loop. At the moment the prepulse current starts to flow, the magnetic switch is going into saturation. Impedance matching of the discharge is now obtained and the energy of the main pulse stored in the PFN is deposited into the discharge under high efficiency conditions. The calculated and measured laser output energies are about equal to 209 mJ. Figure 4 shows the calculated time-integrated energy flow diagram in the discharge XeC1 laser operating in the overshoot mode. Negative energy means deposition in superelastic collisions. The electrical efficiency for this type of XeC1 laser is higher than for XeC1 laser with a standard excitation scheme and a short lasing pulse [7] which has no impedance matching. The energy deposition into the processes with high threshold energies, such as the direct ionization of Xe and the excitation of Ne, is less than in a XeC1 laser with a standard excitation circuit [7] because of Fig. 3 the lower E/P value (/~-electric field strength, P-pressure).
However, electron energy losses in the elastic collisions are higher because of the same reason. The quenching of excimer XeCI* molecules by electrons is comparable with that of Ne atoms. In the case of a short pulse laser the quenching by Ne atoms was larger [7] . For the overshoot mode operation the calculated and measured dependences of the laser output energy on the pulse forming network charging voltages for different PFN capacities are shown in Fig. 5 . Conversion efficiencies of 34% of the discharge energy including the prepulse can be achieved with this type of laser excitation. When we choose a lower PFN capacity the optimum efficiency of the laser is nearly constant over a larger range of PFN charging voltage values than for the larger PFN capacities. For the overshoot mode operation the calculated and measured dependences of the laser output energy on the pulse forming network capacity for different PFN charging voltages are shown in Fig. 6 . The calculated dependences of the laser output energy on the gas mixture composition give an optimum mixture composition which is in substantial agreement with that observed experimentally. The calculated dependence of the laser energy on the output mirror reflectivity gives an optimum mirror reflectivity of 70-80% which is in agreement with the one used in the laser (70%).
The calculations for another discharge XeC1 laser with the anologous excitation scheme but with electrode separation of 25 mm and 2160 cm 3 of magnetic switching material and operating in the overshoot mode were also carried out. The calculated and measured dependences of the laser efficiency on the pulse-forming network charging voltage for this laser are shown in Fig. 7 . The maximum efficiency is achieved for about 300 kW/cm 3 pumping peak power density. A short voltage rise time and sufficient high prepulse voltage must be applied in order to excite the whole preionized discharge volume. Scaling calculations using a pulse forming line in the sustainer circuit, show that increasing the length of the pumping pulse does not improve the laser efficiency because of the HC1 depletion.
In conclusion, a model of the physical processes in a high efficient discharge XeC1 laser with prepulse-main-pulse and magnetic switching is developed. Comparison of calculated and measured results for two operation modes and for two laser heads was carried out. The results of the computer simulations are in reasonable agreement with the measured ones, which indicates the validity of the used model. The efficiency of the laser operation in the overshoot mode (3.7%) is higher than in the switch mode (3.4%). This is due to the smaller amount of energy deposited in the prepulse circuit of the overshoot mode. Efficiency optimization has shown that the laser built in our laboratory is operating under optimum conditions.
